phenomenon, reported in almost all studies carried out so far. Its intensity is accentuated by face immersion, especially in cold water (Andersson et al. 2000) , and is stronger in elite divers than in non-diver controls (Andersson and Schagatay 1998). Cardiac output is correspondingly decreased (Bjertnaes et al. 1984; Palada et al. 2008) , whereas arterial blood pressure is increased (Bjertnaes et al. 1984) . Most of the studies report either values from the measurements obtained before and at the end of apnoeas, or mean values at various breath-holding times. Descriptions of the beat-by-beat dynamics of cardiovascular changes during breath-holding, whether dry or on the water surface, are scanty. Observations during short apnoeas in air (Palada et al. 2007) or with face immersion (Andersson and Schagatay 1998; Andersson et al. 2000) suggested that a transient fall in blood pressure associated with tachycardia may precede the typical cardiovascular response. In apnoeas prolonged to the breaking point, hypertension and bradycardia were described as continuously developing phenomena (Andersson and Schagatay 1998; Andersson et al. 2000) .
More recently, continuous beat-by-beat observations, during apnoeas prolonged to the volitional breaking point, were made on elite divers who could sustain resting apnoea for longer than 3 min (Perini et al. 2008 (Perini et al. , 2010 and have demonstrated the occurrence of three distinct phases of the cardiovascular response to apnoea: (1) a dynamic phase of rapid changes, lasting no more than 30 s (phase I); (2) a steady phase, lasting about 2 min, in which the blood pressure and heart rate (HR) values attained at the end of phase I are maintained invariant (phase II); and (3) a further dynamic phase, in which there are continuous decrease in HR and increase in blood pressure, linear with time, prolonged to the attainment of the volitional breaking point (phase III). The interpretation was that the end of the steady phase could represent the physiological breaking point (Hong et al. 1971) . In fact, the amplitude of HR and blood pressure oscillations was increased in the subsequent phase, suggesting the occurrence of a new source of fluctuation, perhaps related to the onset of diaphragmatic contractions.
In this study, we test the hypothesis that the end of the steady state phase of the cardiovascular response to apnoea is imposed by the attainment of the physiological breaking point. During exercise, the increase in metabolism accelerates the rate at which the oxygen stores are emptied and the CO 2 stores are replenished in the body. Therefore, if the tested hypothesis was correct, the time necessary to attain the O 2 and CO 2 levels characterising the physiological breaking point and raising the first diaphragmatic contractions would be shorter than at rest. If this is so, although we may well expect to find the three phases of cardiovascular response to apnoea also in exercise, the duration of the steady phase should be reduced in apnoeas during light exercise as compared with resting apnoeas. Moreover, the rate at which the cardiovascular variables change in the subsequent unsteady phase would be steeper in exercise than at rest. These direct experimental consequences of the above hypothesis were not tested so far. Several studies investigated the cardiovascular responses to breath-holding during exercise (Bjertnaes et al. 1984; Breskovic et al. 2011; Lindholm et al. 2002; Nishiyasu et al. 2012; Smeland et al. 1984; Tocco et al. 2012 ), but to the best of our knowledge, no study ever described these responses on a beat-bybeat basis.
The aim of the present study was to investigate the cardiovascular responses to breath-holding during light dynamic exercise in humans on a beat-by-beat basis, in an attempt at testing some cardiovascular consequences of the general hypothesis formulated above.
Methods

Subjects
Six male competitive divers volunteered for this study. Their age was 37.2 ± 7.3 years, and they were 73.1 ± 9.5 kg heavy and 176 ± 4 cm tall. All divers were non-smokers and had no previous history of cardiovascular, pulmonary or neurological diseases. None of them was taking medications at the time of the study. All gave their informed consent after having received a detailed description of the methods and experimental procedures of the study. Local ethical approval was obtained.
The ability of sustaining maximal apnoeas lasting longer than 3 min at rest was an inclusion criterion for this study, since only apnoeas of such duration allow a clear identification of the third dynamic phase. This reduced the number of subjects who could participate in the study, which may be seen as a limitation, although it did not prevent from attaining significant changes in the investigated variables at various times during breath-holding, as detailed in the Results section.
Experimental procedure
All tests were carried out in a room at 25-26 °C, in the late afternoon. Upon arrival in the laboratory, after instrumentation, the subject took the sitting posture. Five minutes was allowed to achieve steady state conditions for ventilation, HR and gas exchange, identified by visually inspecting the data on the screen; then, 10 min of measurements was obtained with the subject sitting at rest and spontaneously breathing (quiet rest). Then, the subject was asked to perform two successive prolonged apnoeas. The second apnoea was requested to be maximal. Subjects undertook their pre-dive breathing routine before breath-holding, generally consisting of two-to-three deep respiratory acts. All apnoeas were initiated with a lung volume close to the subject's total lung capacity, so that the last breathing movement before breath-holding was a deep inspiration and the first breathing movement at the end of apnoeas was an expiration, which the subjects were asked to perform as deep as possible. Then, he moved on the cycle ergometer, where, after 3 min of quiet resting, he started pedalling at a power of 30 W, i.e. at the minimal power that was applicable to the cycle ergometer. After the attainment of the exercise steady state, which again was identified by stable ventilation, HR and gas exchange, 1 min of recordings during regular breathing was allowed. Then, two maximal apnoeas were performed, with a recovery interval of 2 min between them. Again, two-to-three deep respiratory acts preceded the apnoea start, and the last breathing movement before breath-holding was a deep inspiration. After the end of the second apnoea, the subject kept exercising for 3 min. Both at rest and at exercise, the longest apnoea was retained for further analysis.
Methods
Arterial blood pressure profiles (PortaPres, TNO-TPD, Amsterdam, The Netherlands) were continuously recorded throughout the experiments. Arterial blood O 2 saturation (SaO 2 ) was also continuously monitored by infrared spectroscopy (BioPac System Inc., Goleta, CA, USA) at an earlobe. The signals were sampled at 100 Hz by using a 16-bit A/D converter (MP100 VS., BioPac System Inc., Goleta, CA, USA) and stored on a personal computer for subsequent analysis. Oxygen uptake (V O 2 ) and expired ventilation (VE) were monitored by means of a metabolic cart (Quark b 2 , Cosmed, Italy) whenever the subject was breathing.
Data treatment
Arterial pressure profile and respiratory traces were analysed offline. Beat-to-beat values of HR, systolic, diastolic and mean blood pressures (SBP, DBP and MBP, respectively) were computed. MBP was obtained as the integral mean of each blood pressure profile. The duration of each apnoea for each subject was calculated as the time over which the flow meter recorded no respiratory air flows. The pulse pressure profile was analysed by means of the Modelflow model implemented in the Beatscope™ software (TNO-TPD, The Netherlands) to obtain the stroke volume (SV) (Wesseling et al. 1993) . The method was evaluated against echo-Doppler and found to be highly reproducible in a variety of conditions, with slight systematic overestimate with respect to echo-Doppler (Van Lieshout et al. 2003) . Cardiac output (Q) was then calculated on a beat-bybeat basis as the product of SV times the corresponding HR. The ratio between MBP and Q was calculated to estimate total peripheral resistance (TPR). Metabolic rate and ventilation were calculated at rest and exercise steady state as the mean of the breath-by-breath values over 1 min of regular breathing.
The beat-by-beat data were analysed offline to identify the different phases of apnoeas (Perini et al. 2008) . The blood pressure data were fitted using a nonlinear least squares procedure (Levenberg-Marquardt algorithm, Levenberg 1944; Marquardt 1963) , implemented under MAT-LAB (version 7.9.0, MathWorks, Natick, MA, USA). The equations of two consecutive straight lines that have an intersection point were used as the fitting model. The slopes and y-intercepts of the two lines and the coordinates of their intersection point were obtained by minimising the squared difference between the model function and the actual blood pressure data. Initial guesses of the parameters of the model were entered after visual inspection of the data.
Statistical analysis
Data are presented as mean and standard deviation (SD). One-way ANOVA for repeated measures was used to evaluate the effect of time of apnoea on various variables at rest and exercise, after having checked for normal distribution using the Kolmogorov-Smirnov test. Tukey's test was used as post hoc test to isolate the differences when necessary. Paired t test was used to compare the duration of breathholding at rest versus exercise. Differences that were below the p < 0.05 were considered significant.
The negative HR versus MBP relationships during the initial part of phase I were analysed by linear regression. Sequences of at least three consecutive beats on which HR and MBP varied in opposite directions were used. The slopes of these regression lines were retained as the "dynamic" sensitivity of arterial baroreflex (BRS) (Adami et al. 2013 ). The Stata 10.0 statistical software (StataCorp, College Station, TX, USA) was used.
Results
Apnoeas at rest
In quiet rest, V O 2 was 246 ± 47 ml min −1 and V E was 9.0 ± 2.3 L min −1
. The corresponding V CO 2 and V E were 238 ± 44 ml min −1 and 9.0 ± 2.3 L min
, respectively, with values of gas exchange ratio suggesting slight 1 3 hyperventilation in two subjects. Mean duration of maximal apnoea at rest was 239.4 ± 51.6 s. An example of HR and SBP recordings obtained on one subject during maximal resting apnoea is shown in Fig. 1 (panel a) . All subjects followed the same patterns, although in some cases, the time course of TPR was less accentuated than in the reported example. Values of all variables obtained in quiet rest are reported in Table 1 . During the hyperventilation that preceded breath-holding, HR grew to attain 96 ± 6 min −1 at the beginning of apnoea (p < 0.05 with respect to control). The corresponding SBP and DBP were 154 ± 19 and 77 ± 12 mmHg, respectively (NS with respect to control). SaO 2 was 0.998 ± 0.004.
The evolution of all variables during maximal breathholds at rest is reported in Figs. 2, 3 and 4 (panel a), and Table 2 . The first unsteady phase of breath-holding (rapid transition phase, R1) lasted 27.9 ± 1.6 s. During R1, SBP and DBP fell remarkably, to attain a minimum of 90 ± 26 mmHg (p < 0.05 with respect to both quiet rest and beginning of apnoea) and 53 ± 11 mmHg (p < 0.05 with respect to beginning of apnoea) after 5.7 ± 1.9 s. Correspondingly, HR increased to a maximum of 103 ± 6 min −1 . The corresponding SV was 53 ± 18 ml, so that Q at the nadir of SBP resulted equal to 5.4 ± 1.9 L min −1 . Since MBP was 63 ± 13 mmHg, TPR turned out equal to 12.6 ± 4.0 mmHg min L −1
. All these values except TPR were significantly different from those observed both during quiet rest and at the beginning of apnoea (Table 2 ).
An example of an individual relationship between HR and MBP during the initial phase of apnoea, before the 
Resting 135 ± 20 68 ± 10 87 ± 11 84 ± 10 97 ± 21 8.1 ± 1.8 11.5 ± 3.4
Exercise 159 ± 16 74 ± 9 97 ± 11 91 ± 9 102 ± 13 9.4 ± 1.9 10.8 ± 2.1 attainment of the minimum of SBP, is shown in Fig. 5 . The figure includes a series of consecutive beats in which MBP decreased and HR increased with respect to the immediately preceding beat. Application of linear regression analysis provided a slope of −0.563. This value was taken as indicative of the spontaneous baroreflex sensitivity for the subject at stake during apnoea R1. Similar relationships were obtained on all subjects. The slopes of the obtained individual regression lines are reported in Table 4 . After the attainment of the minimum of SBP, the values of the cardiovascular variables underwent partial recovery, to attain a steady state level (R2) that lasted 84.9 ± 33.5 s. The re-establishment of SBP was accompanied by a drop of HR. The mean slopes of the individual relationships between HR and MBP during the recovery part of R1 are also reported in Table 4 . As long as HR decreased, SV increased, and the opposite patterns followed by HR and SV were compensatory, so that during R2, the steady Q was not different from that found at the minimum of SBP in R1. As a consequence, R2 was characterised by higher TPR values than before apnoea or in R1. HR, SV and Q were lower than in quiet rest.
R2 was followed by a new unsteady phase (readjustment phase, R3), wherein HR decreased steadily and continuously, whereas SBP and DBP increased. At the end of apnoea, HR was significantly lower than in all the previous conditions. The reverse was the case for SBP and DBP. The SV increase compensated for the fall of HR, so that Q did not vary during R3. As a consequence, TPR continuously increased. The slopes of the individual relationships between HR and MBP during R3 are also reported in Table 3 .
SaO 2 started to decrease in R2. It reached a value of 0.945 ± 0.067 at the end of R2. SaO 2 kept decreasing during the entire R3, to attain a minimum of 0.710 ± 0.149 at 7.5 ± 2.3 s from the end of apnoea.
Apnoeas at exercise
Before apnoea, the steady state V O 2 during exercise was 862 ± 160 ml min −1 , i.e. thrice as high as in quiet rest. The corresponding V CO 2 and V E were 698 ± 127 and 20.5 ± 3.9 L min −1 , respectively. Mean duration of maximal apnoea during exercise was 88.2 ± 20.9 s. An example of HR and SBP recordings obtained on one subject during maximal apnoea at exercise is shown in Fig. 1 (panel b). All subjects followed the same patterns. Values of all variables obtained during exercise at steady state before apnoea are reported in Table 1. In the minute that preceded the apnoea, no hyperventilation was observed.
The evolution of all variables during maximal breathholds at exercise is reported in Figs. 2, 3 and 4 (panel b), and Table 2. After the beginning of apnoea, we observed a pattern comparable to that of R1 (E1), although the minimum of SBP was attained within a shorter time (3.6 ± 1.1 s, p < 0.05). In E1, SBP attained a minimum of 92 ± 18 mmHg and DBP a minimum of 52 ± 9 mmHg, whereas HR attained a maximum of 114 ± 9 min −1
. At the minimum of SBP, SV and Q were respectively 51 ± 18 ml and 5.7 ± 1.8 L min . E1 lasted 21.3 ± 6.9 s. The slopes of the individual relationships between HR and MBP, determined during E1 before-descending SBP-the point of minimum SBP, are reported in Table 3 .
After the completion of E1, we found no steady state phase. At the beginning of the following phase (E2), which lasted 66.8 ± 22.8 s, SBP and DBP had returned at their initial values, whereas HR was higher than in control, similar to that attained at the minimum of SBP in E1. The recovery of SV was responsible for the increase in Q , which attained values closer to yet still significantly lower than those observed before apnoea. During E2, a continuous fall of HR and an increase in SBP and DBP occurred, similar to what was found in R3. At the end of apnoea, HR was 61 ± 19 min −1 , SBP was 235 ± 21 mmHg and DBP was 110 ± 10 mmHg. These values were significantly different from those found in all other conditions. As in R3, the SV increase compensated for the fall of HR, so that Q did not vary during E2. As a consequence, TPR continuously increased. SaO 2 started to drop after ~30 s of apnoea to attain a minimum of 0.74 ± 0.14 at 8.3 ± 0.9 s from the end of apnoea.
The values observed at the beginning of R3 and of E2 are compared in Table 4 . Due to exercise, HR and SBP were higher at the start of E2 than of R3, whereas MBP and DBP did not differ significantly. If any, DBP tended to be lower at the start of E2. SV was the same in both cases, so that Q was more elevated due to higher heart rate. TPR was lower at start of E2 than of R3. At the end of E2, with respect to the end of R3, SBP, MBP and DBP were significantly higher, whereas SV was significantly lower. No significant differences were found concerning HR, Q and TPR. 
Discussion
In this study, we tested a few direct experimental consequences of the general hypothesis that the end of the R2, i.e. the steady state phase of the cardiovascular response to apnoea at rest, corresponds to the attainment of the physiological breaking point of apnoea. This point is characterised by precise combinations of alveolar gas composition, which are attained as long as, during apnoea, the oxygen stores of the body are emptied and the CO 2 stores correspondingly filled up (Lin et al. 1974) . As long as this occurs, metaboreflexes may also be activated leading to powerful respiratory stimuli (Balestra et al. 2011) . The time required to attain the physiological breaking point is thus a consequence of two factors: (1) the overall amount of oxygen and CO 2 stores at the beginning of apnoea, and (2) the rate at which oxygen is consumed and CO 2 and other metabolites are accumulated in the body, which is related to the metabolic rate. Metabolic rate is higher at exercise than at rest, so that in the former case, the time required to reach the physiological breaking point would be shorter. On this basis, we expected a reduction of R2 duration during exercise apnoeas. In fact, during exercise, we did not find something comparable to R2, i.e. a steady state period for all cardiovascular variables. As soon as the initial phase of rapid changes had been completed, we observed a continuous increase in SBP and DBP, accompanied by a continuous decrease in HR, similar to what is usually observed during the R3. The ensuing changes in SV were such as to compensate for the increase in HR, so that Q did not vary, both in E2 and in R3. At a first sight, these findings seem to contradict the tested hypothesis, in the sense that exercise apnoeas seem to be characterised by different dynamic cardiovascular responses from those of resting apnoeas. However, another explanation may be put forward: the duration of R2 was reduced to zero, because the end of E1 occurs already at or beyond the physiological apnoea breaking point. 
Fig. 5
Relationship between heart rate (HR) and mean blood pressure (MBP) obtained on one subject during R1, before the attainment of the minimum of systolic blood pressure (SBP) Cardiovascular changes at the beginning of apnoea at rest and exercise
The characteristics of R1 and E1 were very similar, with HR and SBP showing opposite trends. This strongly suggests that these two phases are representative of the same physiological phenomena. If this is so, the size of the cardiovascular adjustments observed in R1 is independent of the rate at which oxygen stores are emptied. The rapid fall of SBP after the beginning of apnoea, which we observed both at rest and at exercise, was coherent with previous results at rest (Andersson and Schagatay 1998; Palada et al. 2007; Perini et al. 2008 ). According to Andersson and Schagatay (1998) , this fall may be a consequence of an acute reduction of venous return related to the act of holding the breath at elevated lung volumes. The observed fall of SV is in agreement with this concept, although the observation was not accompanied by direct measures of end-diastolic ventricular volume. If this is the case, then the fall of blood pressure and of SV has a mechanical origin, and the simultaneous increase in HR is an attempt at compensating for the fall of SV and/or of blood pressure. If the former is the case, the compensation failed, as demonstrated by the remarkable reduction of Q at the minimum of SBP. The recovery of SBP, after the attainment of its minimum, was accompanied by an increase in SV and in TPR (see example in Fig. 2 ). This last is suggestive of strong peripheral vasoconstriction, compatible with the peripheral sympathetic stimulation. The increase in SV does not seem to have mechanical origin, since (1) the mechanical condition that may have induced the drop of blood pressure at the start of apnoea is still present, and (2) the lack of increase in Q implies a lack of increase in venous return. We therefore postulate that after the attainment of the minimum of SBP, a general stimulation of the sympathetic branch of the autonomic nervous system might have led to higher SBP, TPR and SV. In this context, HR would be exposed to two conflicting demands: on one side, sympathetic stimulation of the heart would tend to increase it; and on the other hand, baroreflex stimulation by increased blood pressure would tend to decrease it. In fact, HR recovered, but at a variable rate. In the initial phase of R1, when blood pressure decreased, the increase in HR might be the result of baroreflex control of blood pressure. According to Perini et al. (2008) , however, changes in HR do not compensate for changes in SBP, suggesting that the interaction between HR and blood pressure, normally mediated by baroreflexes, is negligible in the initial phase of apnoea. To clarify this aspect, we constructed relationships between HR and MBP like those reported in Fig. 5 . These allowed computation of a dynamic baroreflex sensitivity from the slope of the linear regression lines, thus by the application of an analogous of the sequence method (Iellamo et al. 1997) in which, however, the analysis can be done over a larger number of points than usually done with the sequence method. Dynamic baroreflex sensitivity (Table 3) during the early part of R1 and E1 ranged between −0.273 and −0.840. These values correspond well to those of other studies in steady state conditions, whether with open-loop carotid cardiac baroreflex measures or with closed-loop spontaneous baroreflex evaluation with the sequence method (Akimoto et al. 2011; Fisher et al. 2009 Fisher et al. , 2010 Gallagher et al. 2006) . They correspond well also to those obtained by similar procedure in another dynamic condition at the end of prolonged bed rest (Adami et al. 2013) . On this basis, our postulate is that the increase in HR during the first seconds of apnoea (whether in R1 or in E1) tends to attenuate the SBP drop via arterial baroreflex stimulation. This may not be so after the attainment of the minimum of SBP, as shown by the much wider range of dynamic baroreflex sensitivity values at rest and by the difficulty of performing this computation at exercise.
The second phase of apnoea at exercise If we admit that the present results are coherent with the tested hypothesis, as discussed above, the E2 would indeed correspond to R3. We expected it to be shorter than R3 due to higher metabolic rate at exercise than at rest, with subsequent faster depletion of oxygen stores, and this was the case. Coherently, the rate at which the cardiovascular variables changed in E2 was steeper than in R3. As R3, E2 was also characterised by a progressive reduction in HR and increase in SBP and DBP, suggesting continuous readjustment of cardiovascular haemodynamics. No differences between E2 and R3 were observed at the end of maximal breath-hold, independent of whether a subject was at exercise or at rest, except for blood pressure and SV. Notwithstanding E2 and R3 seemed characterised by the same phenomena, at the beginning of E2 HR, SBP and Q were significantly higher than those at the beginning of R3, probably due to sympathetic activation during exercise apnoeas as a consequence of either central command or exercise pressor response, which normally tend to operate in opposition to baroreflexes (Charkoudian et al. Charkoudian and Wallin 2014; Nobrega et al. 2014) ; moreover, vascular recruitment during exercise apnoea led to significantly lower TPR with respect to resting apnoea.
The negative relation between HR and MBP appeared also in E2, similarly to what was observed in R3. The oscillations of HR and MBP in R3 and E2, however, made the computation of HR versus MBP relations over consecutive beats impossible. Yet, this is indicative of baroreflex activity in E2 as in R3, in agreement with the results of previous studies (Perini et al. 2008) . We speculate that in the final phase of apnoea, the baroreflex activation prevailed over exercise sympathetic activity, so that HR, Q and TPR were similar in both resting and exercise apnoeas.
The SaO 2 values observed after the end of apnoeas suggest that changes in alveolar gas composition may be occurring during both E2 and R3. These changes may even take place more rapidly in the former than in the latter case, due to higher V O 2 in exercise than in resting apnoeas. We therefore cannot exclude that also chemoreflex activation may contribute, at least in part, to the HR reduction in the final phases of apnoeas, as previously suggested (Foster and Sheel 2005; Perini et al. 2008 Perini et al. , 2010 . This HR fall is accompanied by a further increase in SV, which we postulate may have mechanical origin. In fact, if the tested hypothesis was correct, central venous pressure may become negative during diaphragmatic contractions in the final phase of apnoeas, thus determining an increase in venous return. The increase in SV was such as to correct the drop of HR, so that Q remained unchanged. But this carried along a further increase in TPR, suggestive of even stronger peripheral vasoconstriction.
Conclusions
In conclusion, no steady state phase occurred during exercise apnoeas, despite the lightness of the exercise carried out in this study. We postulate that in exercise apnoeas, the cardiorespiratory conditions determining R3 were already attained at the end of the first phase of rapid cardiovascular changes. If this is so, then E2 would indeed correspond to R3.
